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A method of operating a scanning probe microscope includes 
using a probe having a cantilever, and oscillating the probe at 
a torsional resonance frequency thereof. In addition, the 
method includes substantially increasing torsional drive e?i 
ciency With dual actuators disposed on the probe or the probe 
base. First and second actuators may be driven by correspond 
ing ?rst and second drive signals, the ?rst and second drive 
signals being about 1800 out of phase. The maximizing step 
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second drive signals to maximize torsional oscillation. Tor 
sional and ?exural oscillation of the cantilever probe can be 
excited concurrently, sequentially or independently by 
adjusting the phase of the corresponding drive signals. A pair 
of cantilever components can be used to form a nanotWeeZer 

by rotating the respective arms having corresponding tip por 
tions at the distal ends. 
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METHOD AND APPARATUS OF DRIVING 
TORSIONAL RESONANCE MODE OF A 

PROBE-BASED INSTRUMENT 

CROSS REFERENCE TO RELATED 
APPLICATION 

This application is a divisional of US. patent application 
Ser. No. 10/937,597 ?led on Sep. 9, 2004, now US. Pat. No. 
7,168,301, Which is a continuation-in-part of US. patent 
application Ser. No. 10/189,108 ?led on Jul. 2, 2002, now 
US. Pat. No. 6,945,099, the entirety of Which is expressly 
incorporated by reference herein. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention is directed operating a probe-based 

instrument in torsional oscillation mode, and more particu 
larly, a method and apparatus of driving the probe into tor 
sional resonance. 

2. Description of Related Art 
Several probe-based instruments monitor the interaction 

betWeen a cantilever-based probe and a sample to obtain 
information concerning one or more characteristics of the 
sample. Scanning probe microscopes (SPMs), such as the 
atomic force microscope (AFM), are devices Which typically 
use a sharp tip and loW forces to characterize the surface of a 
sample doWn to atomic dimensions. More particularly, SPMs 
typically characteriZe the surfaces of such small-scale sample 
features by monitoring the interaction betWeen the sample 
and the tip of the associated probe assembly. By providing 
relative scanning movement betWeen the tip and the sample, 
surface characteristic data and other sample-dependent data 
can be acquired over a particular region of the sample, and a 
corresponding map of the sample can be generated. Note that 
“SPM” and the acronyms for the speci?c types of SPMs, may 
be used herein to refer to either the microscope apparatus, or 
the associated technique, e.g., “scanning probe microscopy.” 

The atomic force microscope is a very popular type of 
SPM. The probe of the typical AFM includes a very small 
cantilever Which is ?xed to a support at its base and has a sharp 
probe tip attached to the opposite, free end. The probe tip is 
brought very near to or into direct or intermittent contact With 
a surface of the sample to be examined, and the de?ection of 
the cantilever in response to the probe tip’s interaction With 
the sample is measured With an extremely sensitive de?ection 
detector, often an optical lever system such as described in 
Hansma et al. US. Pat. No. RE 34,489, or some other de?ec 
tion detector such as an arrangement of strain gauges, capaci 
tance sensors, etc. 

Preferably, the probe is scanned over a surface using a 
high-resolution three axis scanner acting on the sample sup 
port and/or the probe. The instrument is thus capable of cre 
ating relative motion betWeen the probe and the sample While 
measuring the topography or some other property of the 
sample as described, for example, in Hansma et al. US. Pat. 
No. RE 34,489; Elings et al. US. Pat. No. 5,226,801; and 
Elings et al. US. Pat. No. 5,412,980. 
AFMs may be designed to operate in a variety of modes, 

including contact mode and oscillating ?exural mode. In con 
tact mode operation, the microscope typically scans the tip 
across the surface of the sample While keeping the force of the 
tip on the surface of the sample generally constant by main 
taining constant de?ection of the cantilever. This effect is 
accomplished by moving either the sample or the probe 
assembly vertically to the surface of the sample in response to 
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2 
sensed de?ection of the cantilever as the probe is scanned 
horiZontally across the surface. In this Way, the data associ 
ated With this vertical motion can be stored and then used to 
construct an image of the sample surface corresponding to the 
sample characteristic being measured, e.g., surface topogra 
phy. Alternatively, some AFMs can at least selectively operate 
in an oscillation “?exural mode” of operation in Which the 
cantilever oscillates generally about a ?xed end. One popular 
?exure mode of operation is the so-called TappingModeTM 
AFM operation (TappingModeTM is a trademark of the 
present assignee). In a TappingModeTM AFM, the cantilever 
probe is oscillated ?exurally at or near one of its resonant 
frequencies. When the tip is in intermittent or proximate 
contact With surfaces the oscillation amplitude Will be deter 
mined by tip/ surface interactions. The amplitude or phase of 
this oscillation is kept constant during scanning using feed 
back signals, Which are generated in response to tip-sample 
interaction. As in contact mode, these feedback signals are 
then collected, stored, and used as data to characteriZe the 
sample. 

Independent of their mode of operation, AFMs can obtain 
resolution doWn to the atomic level on a Wide variety of 
insulating or conductive surfaces in air, liquid or vacuum by 
using pieZoelectric scanners, optical lever de?ection detec 
tors, and very small cantilevers typically fabricated using 
photolitho graphic techniques. Because of their resolution and 
versatility, AFMs are important measurement devices in 
many diverse ?elds ranging from semiconductor manufactur 
ing to biological research. 
One limiting characteristic of AFMs and other probe-based 

instruments lies in the above-described modes of operation. 
In anAFM, the cantilever is typically oscillated using a piezo 
electric drive, often knoWn simply as a pieZo drive, to provide, 
for example, a ?exural oscillation mode. Referring to FIG. 1, 
a probe assembly 20 includes a probe 21 having a cantilever 
22 and a tip 28. The cantilever 22 extends outWardly from a 
base 24 of assembly 20. The cantilever 22 may be attached to 
the base 24 or formed integrally With it. Base 24 is typically 
coupled to a pieZoelectric drive 26 (e.g., a pieZo stack). Tip 28 
is provided on the opposed, free end of cantilever 22. PieZo 
electric drive 26 can be selectively excited by a signal gen 
erator 30 to move cantilever 22 up and doWn relative to a 
sample 32. When the instrument is con?gured for ?exural 
oscillation mode operation, the drive voltage is applied to 
pieZoelectric drive 26 to ?exurally oscillate the cantilever 22 
about a lateral axis of the probe 21 at a frequency that is 
dependent upon the frequency of the drive voltage. 
More particularly, in ?exural oscillation mode, cantilever 

22 is driven to resonate at its ?exural resonance frequency or 
a harmonic thereof about a lateral axis A-A' at the base 24 of 
cantilever 22. Characteristics of cantilever ?exural oscilla 
tion, and changes thereof, are detected by quadrature photo 
detector 34, typically With its vertical components, as shoWn 
by the arroW “V” in FIG. 1. The de?ection angle is sensed by 
photodetector 34 and output as a voltage signal. Notably, the 
amplitude of the ?exural oscillation ranges betWeen a feW nm 
to 100 nm peak-to-peak depending on the cantilever length. 

In operation, as tip 28 approaches a surface of sample 32, 
the ?exural oscillation (tapping) amplitude starts to decrease 
due to contact betWeen tip 28 and sample 32. Notably, the 
?exural vibration amplitude decreases to Zero When tip 28 is 
pushed against sample 32 With constant contact pressure. 
Variation of amplitude betWeen Zero (generally continuous 
contact) and free oscillation is typically used in a feedback 
con?guration to control tip/surface distance. Alternatively, 
the phase of the ?exural oscillation may be used to control this 
distance. Information relating to the surface such as topology, 
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hardness, and/or electromagnetic properties is then deter 
mined by analyzing the signals that are used to control this 
tip/surface spacing. 

Overall, ?exural oscillation mode AFMs are used to char 
acteriZe surface topology and surface energy dissipation by 
monitoring the amplitude and/or phase of the oscillating can 
tilever. This mode is often preferred to contact mode imaging 
because it produces less damage to the tip and sample during 
operation. However, operating the AFM based on ?exural 
oscillation of the cantilever is constrained in the folloWing 
aspects. 

Initially, ?exural mode operation only detects surface char 
acteristics that impart a force in one direction, namely, the 
vertical or “Z” direction. As a result, ?exural mode AFMs do 
not detect shear force interaction, and thus also cannot pro 
vide shear force or force gradient information. This informa 
tion is critical to making measurements of surface friction, for 
example, When attempting to identify surface compositional 
differences. When the topography of the materials is gener 
ally undifferentiated, minimal information is provided by 
?exural mode operation, and thus this friction information 
becomes particularly valuable, and sometimes necessary. 
Applications include identifying different components in 
polymer blends, composites and other mixtures, identifying 
organic and other contaminants on sample surfaces, delineat 
ing coverage by deposited coatings and other surface layers, 
etc. 

Moreover, Without shear force or shear force gradient mea 
surement capabilities, ?exural mode operation often results in 
loss of other information relating to the sample. For example, 
When a ?exural oscillation mode AFM is used to image the 
magnetic domain of a sample, only a force gradient in the 
direction perpendicular to the sample surface can be sensed. 
Domains parallel to the surface can only be seen at the domain 
boundaries Where the transitional region has a vertical force 
gradient. This limitation also holds true for electric force 
imaging. 

Other drawbacks associated With ?exural resonance imag 
ing are sloW kinetics and small amplitude errors that can 
drastically limit scanning and data acquisition speed and 
compromise image integrity. This effect is illustrated in the 
response curve 40 of FIG. 2. In this case, A0 is the free air 
amplitude of oscillation (in RMS voltage), and AS is the set 
point amplitude for the control loop. When A0 starts to 
decrease from a constant value, A0, the tip starts to tap on the 
sample surface. When tip/sample separation is reduced, and 
the tip and sample interact, there is a corresponding change in 
the signal produced by the de?ection detection system. The 
amplitude of ?exural oscillation of the lever decreases due to 
it being constrained by the sample surface as the tip 
approaches the surface and taps the sample in each stroke of 
the oscillation. This is shoWn in region “O” in Which tip 
surface distance x-axis) is smaller than half of the peak-to 
peak oscillation of the cantilever. Notably, a feedback loop 
operates to move the cantilever up and doWn to keep generally 
the same oscillation amplitude AS. This movement re?ects 
height changes in the sample, i.e., surface topography. 

The response of the cantilever in this ?exural mode is 
illustrated by the slope of the curve at region “O.” In other 
Words, for a particular change in tip/ sample separation (AZl), 
the corresponding measured change in voltage (AV) is rela 
tively small given the shalloW slope. It is this measured 
change that determines the error that is processed by the 
feedback loop to return operation to the set-point oscillation. 
Because the slope of the cantilever response in ?exural mode 
is relatively shalloW, scan speed must be kept small as rela 
tively large changes in tip-sample separation produce a rela 
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4 
tively small change in measured output, or error. Therefore, to 
facilitate adequate data collection and integration of error 
signals, the scan time at each location (or image pixel) must 
be long enough for the system to respond With accuracy and 
resolution. The speed of data acquisition must be correspond 
ingly limited as Well. An improvement in data acquisition 
speed Was desired. 

Moreover, the shalloW slope of the amplitude/distance 
curve in FIG. 2 makes the control signal (voltage in the 
vertical axis) correspond to a large height or distance com 
pared to an amplitude/distance curve With a steeper slope. As 
a result, the control error Will correspond to a greater quantity 
of height measurement error. The situation is particularly 
problematic When the probe is scanning across an abrupt step 
Where sloWer response due to error integration Will result in 
even greater inaccuracy for a given scan speed. Notably, such 
inaccuracy may be detrimental to obtaining useful data in 
semiconductor metrology. The response of an improved 
AFM, according to the present preferred embodiments (AFM 
operating torsional resonance mode), is illustrated in FIG. 2A 
and Will described in further detail beloW. 

Yet another limitation With ?exural mode operation is that 
the ?exural resonance is very sensitive to the imaging envi 
ronment (e.g., When the sample is immersed in Water), and 
thus oscillation properties often change drastically, and in 
unpredictable Ways, upon change in imaging environment. 
Currently, the sensitivity of ?exural mode operation to imag 
ing environment is one of the most signi?cant design consid 
erations When con?guring an AFM for operation in ?uid. 

Other modes of AFM operation are similarly limited. For 
example, shear force interaction betWeen the probe in contact 
mode and the corresponding sample surface has been studied 
WithAFM for a number of years. In anAFM technique knoWn 
as lateral force microscopy (LFM), the cantilever tip is 
dragged across the sample surface, as in contact mode, to 
measure friction forces, as described in Us. Pat. No. 5,553, 
487 to the present assignee. More particularly, using LFM, 
the tip is introduced to the sample surface under a constant 
?exural de?ection and then scanned along the surface either 
in the direction of the cantilever length, or perpendicular to 
the cantilever length. Using a laser-based de?ection detection 
system, the lateral cells of the corresponding photodetector 
sense rotation of the cantilever as the tip of the probe interacts 
With the sample through friction force. In the case Where tip 
scanning direction is perpendicular to the cantilever, the dif 
ference of the lateral de?ection during forWard and reverse 
scanning of the same portion of the sample is used as a relative 
measure of the shear force, or surface friction. In addition to 
the draWbacks associated With using contact mode to detect 
topology characteristics, including tip/ sample damage, etc., 
LFM suffers the disadvantage of large tip/ sample forces asso 
ciated With contact mode, and poor repeatability. 

In other techniques, the tip placed in contact With the 
sample surface is modulated by moving the sample surface 
laterally relative to the probe. In this case, the lateral rocking 
of the cantilever as a result of the contact friction is used to 
indicate a quantity of surface friction. HoWever, the lateral 
de?ection signals are small, and thus often unusable, and 
resolution is insuf?cient for some of the applications contem 
plated by the present invention. 

In addition, although lateral de?ection signals induced by 
motion of the sample at acoustic frequencies can be 
enhanced, the main control loop that de?nes tip/ surface rela 
tive position still employs vertical de?ection (contact mode) 
feedback and, therefore, suffers the draWbacks associated 
With ?exural contact modes. 
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One challenge in implementing an AFM to image in tor 
sional resonance mode is that optimum performance depends 
on e?iciently driving the cantilever probe into torsional reso 
nance. It is important to note that typical AFM cantilever 
probes are manufactured for ?exural motion, i.e., motion in 
the “Z” direction. This is primarily due to the fact that the 
optical system used in detecting mechanical changes in the 
oscillating motion of a cantilever are aligned in the “Z” direc 
tion. Also in this regard, probes designed for ?exural motion 
are easy to produce in batches While preserving their planar 
ity, Which is important to ensure accurate measurement of 
changes in ?exural oscillation. 
A potential problem arises With standard AFM cantilevers 

designed for ?exural oscillation due to the fact that there is 
physical asymmetry along the corresponding length of the 
lever Which although acceptable When driving the probe into 
?exural oscillation, can render driving the cantilever into pure 
torsional resonance dif?cult. For instance, if torsional reso 
nance is excited With tWo pieZoelectric actuators driven out of 
phase, the pieZo-actuators must be disposed generally sym 
metrically about (I) the length of the cantilever, along its 
central axis, and the (2) corresponding tip to create pure 
rotational motion of the cantilever about a rotation center, 
approximately equidistant from the tWo pieZoelectric actua 
tors. The problem is, it is dif?cult to insure that the central axis 
of the probe lies at the rotation center of the drive. For 
instance, mounting the probe (i.e., probe chip) in the AFM 
head is often an imprecise task due to alloWable variations in 
probe chip position, as Well as structural variations of the 
probe chip and probe itself. In addition, even if the actuators 
are positioned equidistant from the central axis of the canti 
lever, due to fabrication limitations, it is dif?cult to determine 
Whether the drive actuators are positioned symmetrically 
about the tip Which, although preferably resides at the central 
axis of the lever, often does not. 

Notably, in this regard, the tip of the probe attached to the 
lever is relatively massive (it can be as much as ?fteen 
microns long) such that the inertia of the tip causes a torque. 
This torque produces an arcing motion at the apex of the tip, 
but given the scale that this motion occurs, the apex moves 
substantially horiZontally. Overall, hoWever, it is dif?cult to 
determine the amount of lateral motion that can be provided 
by such a system due to inef?ciencies coupling the energy to 
the tip caused by the imperfect spatial relationship betWeen 
the probe tip and the drive. 
As suggested previously, if the probe is Well centered 

betWeen the tWo pieZo actuators (eg., plates) that are 
employed to drive the probe into torsional resonance, then the 
system Will excite pure lateral motion of the tip. As a practical 
matter, hoWever, because the tip typically is not centered, due 
to, for example, imperfections produced during the probe 
manufacturing process Which may cause the tip to be posi 
tioned off the central axis of the cantilever or the entire probe 
to be mounted off-center intermediate the tWo pieZo plates 
When secured in the AFM head. 

Whatever the cause, this compromised relationship 
betWeen the drive and the probe can produce imperfect lateral 
motion of the cantilever, and thus the tip. In particular, often 
times, this motion Will exhibit a vertical component. Such 
non-ideal motion loWers the ef?ciency of operation in tor 
sional resonance mode. For instance, a vertical component in 
the cantilever motion can make maintaining operation at the 
setpoint dif?cult. Moreover, due to the high “Q” associated 
With torsional resonance mode, the overture of the ?exural 
vibration of the cantilever is fairly close to the fundamental 
torsional resonance oscillation frequency of the cantilever. 
Therefore, the vertical component of cantilever motion may 
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6 
become mixed With torsional oscillation such that the system 
becomes very unstable, With the possibility that AFM opera 
tion toggles betWeen, for instance, torsional resonance and 
?exural resonance modes of AFM operation. Clearly, this 
unpredictability is non-ideal. Overall, due to the many poten 
tial pitfalls With insuring true alignment betWeen the probe tip 
and the center of rotation produced by the drive, including 
imperfect mounting of the probe Within the AFM had, an 
alternative driving arrangement Was desired. 

Maintaining oscillation generally at the true torsional reso 
nance of the probe is particularly important When considering 
the range of applications offered by operating the AFM in 
torsional resonance mode. In an AFM application that is 
particularly interesting, the probe is used to manipulate, for 
instance, nanoparticles. Given the scale of operation, one key 
challenge in using an AFM probe to perform nanomanipula 
tion is determining Whether a particular operation associated 
With manipulating nanoparticles has actually been accom 
plished. In standard AFM operation, once a target to be 
manipulated has been identi?ed and an operation attempted 
by the AFM probe, there is no convenient Way to determine 
Whether the target has actually been acted on. For instance, if 
the operation is to pick up a target, one might think that the 
change in Weight at the tip could be measured. HoWever, 
because the target to be manipulated typically does not have 
an appreciably greater Weight than the tip, methods based on 
directly measuring a change in Weight are unreliable and, in 
any event, di?icult to implement. In fact, there is such a small 
change in mass at the tip, e.g., one part in a million of the 
entire cantilever, directly measuring the change is generally 
impossible. As such, an alternate technique, preferably one 
Which observes a unique parameter associated With the AFM 
probe, Was therefore desired. 

In addition, knoWn techniques for performing nanoma 
nipulation, such as ones that employ What are knoWn as 
“nanotWeeZers,” have signi?cant limitations. Most such tech 
niques only have the ability to manipulate targets that are on 
the scale of a micron or even a little larger. This is due to the 
fact that there are often di?iculties associated With locating 
the tWeeZers at a location of interest, and controlling the force 
applied by the tWeeZers to the sample, for example. In one 
technique, electrostatic forces are used to actuate tWo adja 
cent columns or beams. In this case, a voltage is applied to at 
least one of the beams to modify the attractive force betWeen 
the tWo beams, thus causing the beams to close one against the 
other. By controlling the voltage, the beams can be used to 
close on an object to be manipulated. One problem With such 
a system is that large magnitude forces are required to close 
the arms, Which can compromise the object being manipu 
lated. Moreover, in this regard, the dimensions of candidate 
target objects to be manipulated are correspondingly limited 
in that objects that are too small cannot be feasibly manipu 
lated, especially given the higher voltages, and thus the higher 
forces, that are dif?cult to accurately control. Development of 
manipulation applications is continuing on the nanoscale, and 
thus a superior design Was desired. In particular, an improved 
nanomanipulation device With the ability to close a gap of 
about ?fty to tWo hundred nanometers in a highly controllable 
and accurate fashion, Would be particularly valuable. 

SUMMARY OF THE INVENTION 

The preferred embodiments overcome the above-noted 
draWbacks by aligning the rotational center produced by the 
torsional resonance mode drive With the tip so that pure tor 
sional motion can be obtained. In the preferred embodiment, 
the poWer provided by the tWo pieZos driving the cantilever 
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into torsional resonance is generated by applying signals out 
of phase With each other and having varying amplitudes so as 
to distribute poWer such that the rotational center of the 
motion directly overlies the apex of the tip. More particularly, 
by appropriately modifying the amplitudes of the signals 
applied to the pieZo plates, the rotational center of the canti 
lever can be moved to produce ideal torsional motion and 
optimum data acquisition capabilities in torsional resonance 
(TR) mode. 

According to a ?rst aspect of the preferred embodiment, a 
method of operating a scanning probe microscope includes 
using a probe having a cantilever and oscillating the probe at 
a torsional resonance frequency thereof. In addition, the 
method includes substantially maximizing an amplitude of 
probe oscillation. 

In another aspect of this embodiment, the oscillating step 
includes using ?rst and second actuators disposed relative to 
the probe so as to generate torsional motion of a tip of the 
probe. Preferably, the actuators are pieZoelectric actuators. 

In a still further aspect of this embodiment, the ?rst and 
second actuators are driven by corresponding ?rst and second 
drive signals, the ?rst and second drive signals being about 
1808 out of phase. The maximizing step includes altering at 
least one of the amplitudes of the ?rst and second drive 
signals. 

According to another aspect of this embodiment, the alter 
ing step includes using a balance mode control unit to adjust 
the amplitudes of the ?rst and second drive signals so that the 
torsional response at a given drive poWer is maximiZed. The 
balance control unit preferably includes a voltage multiplier 
and operates automatically to substantially maximiZe the tor 
sional response amplitude. 

According to a further aspect of this preferred embodi 
ment, the probe is an active probe having at least one active 
element and at least one corresponding electrode integrated 
With the probe. Ideally, the probe includes ?rst and second 
electrodes adapted to receive corresponding ?rst and second 
drive signals. 

According to yet anther aspect of this preferred embodi 
ment, the cantilever is split into ?rst and second longitudinal 
portions and a tip at a distal end of the cantilever is split into 
?rst and second tip portions that are actuatable so as to form 
a nanotWeeZers. 

In accordance With another aspect of this preferred 
embodiment, a method of operating a scanning probe micro 
scope in torsional resonance mode includes oscillating a tip of 
a probe With an actuator at a torsional resonance frequency of 
the probe. Preferably, the oscillating step includes substan 
tially maintaining an axis of rotation provided by the actuator 
so that it substantially directly overlies an apex of the tip. 

According to a further aspect of this preferred embodi 
ment, the maintaining step includes balancing the output of 
the actuator. The actuator preferably includes ?rst and second 
actuator elements disposed generally symmetrically about 
the probe and the balancing step includes applying ?rst and 
second drive signals to the ?rst and second actuators. The 
applying step includes selecting the amplitudes of the ?rst 
and second drive signals having opposite phase automati 
cally. 

In yet another aspect of the preferred embodiment, the 
oscillating step is performed using a shear pieZoelectric 
actuator. Moreover, the vertical and shear actuators are pref 
erably coupled. 

According to a still further aspect of the preferred embodi 
ment, a scanning probe microscope includes a probe having a 
tip, and a drive to oscillate the probe at a torsional resonance 
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8 
of the probe. The drive preferably has an axis of rotation that 
substantially directly overlies an apex of the tip. 

In another aspect of this embodiment, the drive includes a 
drive source and an actuator including ?rst and second actua 
tor elements. The drive source applies ?rst and second drive 
signals to the actuator elements. 

In a still further aspect of this embodiment, a mode control 
unit is employed to balance the drive so that the torsional 
oscillation of the probe is substantially maximiZed. Prefer 
ably, the mode control unit includes a voltage divider. 

These and other objects, features, and advantages of the 
invention Will become apparent to those skilled in the art from 
the folloWing detailed description and the accompanying 
draWings. It should be understood, hoWever, that the detailed 
description and speci?c examples, While indicating preferred 
embodiments of the present invention, are given by Way of 
illustration and not of limitation. Many changes and modi? 
cations may be made Within the scope of the present invention 
Without departing from the spirit thereof, and the invention 
includes all such modi?cations. 

BRIEF DESCRIPTION OF THE DRAWINGS 

A preferred exemplary embodiment of the invention is 
illustrated in the accompanying draWings in Which like ref 
erence numerals represent like parts throughout, and in 
Which: 

FIG. 1 is a schematic vieW of a prior art scanning probe 
microscope con?gured for ?exural mode operation, appro 
priately labeled “Prior Art”; 

FIG. 2 is a curve illustrating the response of the ?exural 
mode AFM shoWn in FIG. 1, appropriately labeled “Prior 
A11”; 

FIG. 2A is a curve illustrating the response of a torsional 
resonance mode AFM, as shoWn for example in FIG. 9; 

FIG. 3 is a front elevational vieW of a probe assembly 
including a pieZoelectric actuator and a probe chip mounted 
in a probe holder; 

FIG. 4 is a vieW similar to FIG. 3, illustrating using tWo 
pieZoelectric actuators to excite a torsional resonance of the 
probe; 

FIG. 5 is a front elevational vieW similar to FIGS. 3 and 4, 
illustrating balancing the output of the pieZoelectric actuators 
to excite pure torsional resonance, according to the preferred 
embodiment; 

FIG. 6 is a graph shoWing torsional amplitude versus fre 
quency, illustrating a peak response amplitude of the probe 
oscillating in torsion; 

FIG. 7 is a perspective vieW of a probe assembly including 
tWo actuators for exciting torsional resonance Where the 
actuators are disposed generally symmetrically about the cen 
tral axis of the cantilever; 

FIG. 8 is a perspective vieW similar to FIG. 7, With the 
rotation center of the actuators generally not overlying the 
center longitudinal axis of the cantilever of the probe, illus 
trating drive signals applied to the pieZoelectric actuators 
having different amplitudes to balance the drive; 

FIG. 9 is a schematic diagram illustrating an atomic force 
microscope employing a mode control unit to drive a probe 
into torsional oscillation, according to a preferred embodi 
ment; 

FIG. 10 is a schematic diagram of the mode control unit of 
FIG. 9; 

FIG. 11 is a schematic diagram of an atomic force micro 
scope according to a preferred embodiment, including a 
probe assembly, the mode control unit, and a feedback loop; 



US 7,574,903 B2 
9 

FIG. 12 is a perspective vieW of a probe usable in ?exural 
and torsional modes, illustrating integrated actuator ele 
ments; 

FIG. 13 is perspective vieW of a probe including integrated 
actuator elements similar to FIG. 12, according to an alternate 
preferred embodiment; 

FIG. 14 is a perspective vieW of a probe With a split canti 
lever similar to that shoWn in FIG. 12, illustrating tWo pairs of 
electrodes for exciting both ?exural and torsional oscillation; 

FIG. 14A is a front elevational vieW of a nanotWeezer tip of 
the probe; 

FIG. 15 is a perspective vieW illustrating an alternate 
arrangement for exciting torsional resonance of a probe, 
including a piezoelectric actuator for ?exurally oscillating the 
probe; 

FIG. 16 is a schematic graph illustrating amplitude versus 
frequency, illustrating the response of the probe in ?exural 
mode including using the probe shoWn in FIG. 13 and the 
control system shoWn in FIG. 9; and 

FIG. 17 is a schematic graph similar to FIG. 16, illustrating 
the response of the probe in torsional or lateral mode. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

A probe-based instrument, such as an AFM, that analyzes 
one or more characteristics of a sample in a torsional reso 
nance mode is shoWn in the FIGS. and described herein. More 
particularly, a number of techniques for generating a steady 
torsional resonance in the cantilever of the SPM probe assem 
bly is discussed. TR mode, together With feedback control, is 
used to image or otherWise characterize sample surfaces. 

During operation, a property of a torsional oscillation of 
the probe (e.g., amplitude or phase of probe oscillation about 
the longitudinal centerline of the probe’ s cantilever) is moni 
tored to determine sample surface characteristics. Notably, 
the torsional signal detection and feedback control is prefer 
ably implemented using con?gurations similar to that used in 
knoWn AFMs, such as in the AFMs offered by the Veeco 
Instruments Inc. HoWever, compared to knoWn AFM operat 
ing modes, including ?exural oscillation mode operation, the 
potential bene?ts of the present torsional resonance mode of 
AFM operation include improved scanning speed, as Well as 
offering the ability to signi?cantly improve small-scale mass 
detection and nanomanipulation of particles. Moreover, these 
bene?ts can be achieved While simultaneously operating the 
AFM in conventional ?exural mode. 

Note that When the term “horizontal motion” is used 
herein, it is intended to refer to the motion that is produced by 
the torque that rotates the tip so that the apex of the tip moves 
parallel to the sample surface. HoWever, because the scale of 
the arc that is traced out by the motion of the tip is relatively 
small, motion is effectively only in the horizontal direction. 

Modes of Operation 

With reference to FIG. 3, a probe assembly 50 of a con 
ventional atomic force micro scope (not shoWn) includes a 
probe chip 52 having a probe 54 de?ning a tip 56. The probe 
chip 52 is mounted Within a probe pocket 58 of a probe holder 
60 that supports the probe chip 52. To excite the probe 54 into 
resonance, an actuator 62 (for example, a piezoelectric actua 
tor such as a piezo stack) is mounted to the probe holder 60 
and is used to drive the probe according to the mode of 
operation. Notably, probe 54 can be driven into ?exural oscil 
lation or torsional oscillation. 
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10 
Piezoelectric actuator 62 is typically a vertical actuator that 

oscillates the probe 54 into ?exural motion. When driven in 
this fashion, the tip 56 of probe 54 Will tap on the surface of 
the sample under test (not shoWn) as the ?exural motion of the 
probe 54 is monitored, for example, With a laser detection 
scheme. By employing a vertical piezoelectric actuator, lat 
eral motion of the probe 54 cannot be achieved and thus 
torsional resonance cannot be excited. 

Turning to FIG. 4, a probe assembly 70 for exciting a 
torsional resonance of a probe 74 of a probe chip 72 includes 
a drive 77 having an actuator 78, preferably de?ning a pair of 
piezoelectric elements 80, 82, such as piezo stack actuators 
mounted generally symmetrically about the center of the 
probe holder 60. Again, probe holder 60 includes a probe 
pocket 58 con?gured to receive probe chip 72. In this case, 
When driving actuators 80, 82 With signals i1 and i2 of gener 
ally equal amplitude but opposite phase, a tip 76 of probe 74 
of probe chip 72 moves laterally as the system attempts to 
achieve oscillation of the probe 74 at a torsional resonance of 
the probe, as described in detail in the application expressly 
incorporated by reference herein. Note that the drive source 
(s) that produce i1 and i2 (not shoWn in FIG. 4), together With 
actuator 78, may hereinafter be referred to collectively as the 
drive 77. 
One problem, hoWever, is that the actuator 78 often times is 

not disposed symmetrically about probe 74, and particularly 
the tip 76, When probe chip 72 is mounted in probe holder 60. 
As described in detail in the Background, this causes non 
ideal torsional oscillation of the probe. 
More particularly, tip 76 of probe 74 often times does not 

lie on a line through the center of the entire probe chip 72 
(marked With a dashed line labeled “C”), perpendicular to the 
backside of the cantilever of probe 74, as shoWn in FIG. 4, and 
thus this lack of alignment yields compromised lateral oscil 
lation. Although the probe chip 72 typically can be mounted 
generally symmetrically relative to elements 80, 82, the tip 76 
of probe 74 often does not lie at the center point betWeen 
actuator elements 80, 82, Which generally de?ne the center of 
rotation of actuator 78 (including actuator pair 80 and 82), 
marked “C”. As a result, energy provided by actuator 78 
coupled to the off-center tip 76 Will be unequal from either 
side if drive signals i l and i2 have equal amplitudes and oppo 
site phase. Therefore, pure torsional resonance Will not pre 
dictably be achieved and the performance of the AFM in TR 
mode Will be correspondingly compromised. In fact, pure 
torsional resonance typically Will not be achieved unless the 
tip 76 of probe 74, by mere fortuitous chance, directly under 
lies the center of rotation of actuator 78. Again, this most 
often Will not be the case due to the nonpredictability of the 
manufacturing and mounting processes. 

To overcome this non-alignment problem betWeen tip 76 
and the center of rotation of actuator 78, a preferred modi? 
cation to the assembly 70 shoWn in FIG. 4 has been made and 
is shoWn as assembly 90 in FIG. 5. Turning to FIG. 5, probe 
assembly 90 includes a drive 92 having a drive source (not 
shoWn) that applies drive signals i3 and i4 to actuator 78. 
Although similarly out of phase, i3 and i4 may be applied at 
different amplitudes, contrary to drive signals i1 and i2 that 
have equal amplitudes. In this case, the virtual rotation center 
created by piezo pair 80 and 82 is shifted from C to C', 
substantially directly overlaying the top of the cantilever 
probe rotation axis. Notably, such a shift Will reduce ?exural 
component of the drive acting upon the cantilever probe. 
As shoWn in FIG. 5, drive signal i3 is applied With a greater 

amplitude than i4. As a result, the center or axis of rotation 
provided by actuator 78 is shifted from a line “C” about Which 
the actuator elements 80, 82, are disposed symmetrically to a 
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line marked “C'” that is substantially centered or aligned With 
the actual position of tip 76. Because, in this case, tip 76 is 
disposed right of the center line de?ned by actuator elements 
80, 82, as mounted Within probe holder 60, the amplitude of 
the signal applied to the right actuator element 82, namely i4, 
is applied With a smaller amplitude than i3. 

It is notable that it is di?icult to predict exactly Where tip 76 
lies relative to actuator 78. Therefore, the values of the ampli 
tudes of i3 and i4 are selected, either manually or automati 
cally, to achieve the greatest response amplitude. The output 
of this selecting operation is illustrated by “A1” and “A2” in 
FIG. 6. 
More particularly, as the amplitudes of the drive signals i3 

and i4 are modi?ed, the amplitude of the response of probe 74 
oscillating at its torsional resonance frequency is observed. 
This is shoWn, for example, in FIG. 6. By driving the probe 
With a balanced drive (i.e., response “A2” in FIG. 6), ef?cient 
coupling of the drive energy to tip 76 for torsional oscillation 
is provided and the response is optimiZed at a torsional reso 
nance frequency of probe 74 to achieve an optimum torsional 
response thereof. 

In one preferred embodiment, this may be accomplished by 
trial and error as the amplitudes of the tWo signals are modi 
?ed and the response of probe 74 is monitored by a user. As 
the i3 and i4 amplitudes are adjusted, the torsional amplitude 
can be made to shift from Al to A2 (FIG. 6) at the resonance 
frequency. Preferably, this function is implemented With a 
balance control circuit, described in further detail beloW in 
connection With FIGS. 9 and 10, that controls the drive signal 
applied to each actuator element 80, 82. Again, effectively, 
the rotation center provided by actuator elements 80, 82, upon 
application of corresponding signals i3 and i4, causes the 
center of rotation provided by the elements, in the case shoWn 
in FIG. 5, to move to the right so that the center of rotation 
substantially directly overlies an axis along the length of the 
cantilever and through tip 76 of probe 74, in other Words, so 
the axis of rotation provided by the drive is substantially 
aligned With the probe tip. 

This operation is illustrated similarly in the out of scale 
perspective vieWs of FIGS. 7 and 8. As shoWn in FIG. 7, a 
probe assembly or chip 100 includes a probe 102 de?ning a 
tip 104 supported by a cantilever 106. In this case, a driving 
mechanism 108 is supported by probe chip 100 itself, rather 
than a probe holder, as in the embodiments illustrated in 
FIGS. 3-5. When probe 102, and in particular tip 104 of probe 
102, is disposed at a plane generally at the geometric center 
betWeen a pair of actuator elements 110, 112 of driving 
mechanism 108, a pure torsional resonance may be achieved 
by applying signals having equal amplitudes, A0, but opposite 
phase. HoWever, for the probe assembly 120 shoWn in FIG. 8, 
Where tip 124 of probe 122 is not situated at the rotational 
center of a driving mechanism 128, i.e., not equidistant from 
actuator elements 130, 132 of driving mechanism 128, excit 
ing the actuators With signals having equal amplitude but 
opposite phase Will not yield the optimum torsional reso 
nance response. In fact, the torsional amplitude Will be as 
generally shoWn With the solid line in FIG. 6. 

To achieve optimum response at the torsional resonance 
frequency, input signals having the opposite phase and dif 
ferent amplitudes (Al and A2) are applied to the actuator 
elements 130, 132. In this case, because probe 122 is situated 
closer to actuator element 130 than element 132, A2 should be 
greater than Al upon balancing the drive 128, to move the 
rotational center thereof. Again, balancing the drive is accom 
plished by the user manually, via observation, or it can be 
implemented automatically using a control algorithm, as 
described in further detail beloW. Again, as discussed previ 
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12 
ously, by balancing the drive, the rotation center of actuator 
128 is shifted from a position on a center plane betWeen the 
tWo actuator elements 130, 132 to a position that is substan 
tially contiguous With the center line of probe 122 through tip 
124. As a result, pure torsional resonance is achieved, thus 
maximiZing sensitivity and otherWise optimiZing perfor 
mance. 

Turning next to FIG. 9, an AFM 150 operating in torsional 
resonance mode includes a circuit for maintaining optimum 
oscillation of the probe at a torsional resonance thereof. In 
particular, a probe assembly 152 including a probe 154 
mounted to a probe holder (not shoWn) that supports a drive 
mechanism 156 including a pair of pieZoelectric actuator 
elements 158, 160 is shoWn. To drive pieZoelectric actuators 
158, 160, a mode control unit 162 coupled to a pieZoelectric 
drive source 164 (i.e., an oscillating voltage source) processes 
the drive signal to generate signals labeled “PieZo Drive 1” 
and “PieZo Drive 2” in FIG. 9, Which feed to actuators 158, 
160, respectively. A balance control block 166 is provided to 
control the output of mode control unit 162 so that drive 
signals having appropriate amplitudes, namely “PieZo Drive 
1” and “PieZo Drive 2”, excite pure lateral motion of the tip at 
a torsional resonance of the probe, as described in further 
detail beloW in connection With FIG. 10. 

In operation, probe 154 is driven into oscillation While a 
detection system 170 monitors probe oscillation, including 
changes thereof. Detection system 170 includes a light source 
(not shoWn) that generates a laser beam “L”, for instance, that 
is directed toWards a back side 174 of a cantilever 172 of 
probe 154, such that the beam is re?ected off cantilever 172 
and toWards a sensor 178. Preferably, sensor 178 is a quadra 
ture photodetector that can monitor both lateral changes and 
?exural changes in the oscillation of probe 154, as is Well 
knoWn in atomic force microscopy. Signals from sensor 178 
are then transmitted to the mode control unit 162 Whereby 
changes in the re?ected lateral AC signal and the re?ected 
vertical AC signal can be discriminated. More particularly, 
depending upon the mode of operation, either ?exural mode 
or torsional mode, the lateral AC signal or the vertical AC 
signal is monitored to detect changes from the set-point char 
acteristic of oscillation (for example, amplitude or phase) in 
response to interaction betWeen a tip 176 of probe 154 and the 
sample (not shoWn). Using a feedback controller 168, the 
set-point can be maintained based on the mode of operation in 
conventional fashion. These changes can then be plotted to 
map sample characteristic(s) under test. 

Again, critical to optimum operation is balancing the drive 
to achieve pure torsional resonance of probe 154. In this 
regard, mode control unit 112 is employed to appropriately 
drive probe 154 at torsional resonance When in torsional 
resonance mode, and drive probe 154 into ?exural resonance 
in vertical oscillating mode. Turning to FIG. 10, mode control 
unit 162 is shoWn in full detail. Mode control unit 162 
includes three sWitches including tWo state sWitches 180, 182 
and a signal sWitch 184. State sWitches 180, 182 operate 
together With signal sWitch 184 to coordinate the excitation 
signals applied to pieZoelectric actuator elements 158, 160, as 
Well as discriminate Which signals (either torsional or ?ex 
ural) acquired by the detection system 170 (FIG. 9) should be 
further processed. 
More particularly, in ?exural mode, state sWitches 180, 182 

operate to transmit the signal applied to their top inputs, 
Which in each case is the output of the pieZo drive source 164 
directly, With no further signal processing. As a result, the 
same signal, including phase and amplitude, is applied to the 
pieZoelectric actuators of the drive so that the ?exural reso 
nance of the probe 154 (FIG. 9) can be excited. In this mode, 
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signal switch 184 is set so that it passes the vertical AC signal 
obtained from sensor 178 (FIG. 9) to controller 168. Control 
ler 168 is preferably a standard SPM controller that receives 
the signal indicative of oscillation of probe 154 (in either 
torsional or ?exural mode) and operates using feedback to 
maintain the set-point oscillation, as noted above. 
When the state sWitches 180, 182 are set for torsional mode 

operation, the signals applied to the pieZoelectric actuator 
elements can be modi?ed. Avoltage multiplier (e.g., a voltage 
divider 186) is provided to modify (in this case split) the 
voltage applied by pieZo drive 164 to mode control unit 162 
according to the setting of balance control unit 166. More 
particularly, in this case, the divided voltage is applied to 
operational ampli?ers 188, 190 (i.e., differential ampli?ers, 
FIG. 10) Which generate a AVI and a AV2 that are used to 
drive the pieZoelectric actuators. Moreover, an inverter 192 is 
included to condition the AV2 signal 180 degrees so that AVI 
and AV2 are opposite in phase. In sum, With state sWitches 
180, 182 set for torsional resonance mode operation, signals 
having appropriate amplitudes and being 180 degrees out of 
phase are applied to the pieZoelectric actuators to excite pure 
torsional resonance oscillation of tip 176 of probe 154 (FIG. 
9). 

Importantly, balance control unit 166 may be a manually 
operated knob (operable similarly as a left-right balance con 
trol knob of an audio ampli?er), or it may be implemented 
With appropriate electronics in feedback to automatically set 
the balance control, and thus the applied signals “PieZo Drive 
1” and “PieZo Drive 2,” to achieve the maximum output 
amplitude, as illustrated in FIG. 6. When manually selecting 
the amplitude of the signals to balance the drive, the operator 
observes, in real-time, the response of the probe’ s oscillation. 
Once the rotation center of the tWo actuators is aligned With 
the tip of the probe, a maximum amplitude response of the 
torsional oscillation of the probe Will occur and can be 
observed by the user at Which time the balance control is set. 

Alternatively, this balancing is done automatically using 
appropriate circuitry and control softWare. Speci?cally, an 
algorithm can be employed to evaluate the response of the 
probe (i.e., lateral AC input (e.g., amplitude) to mode control 
unit 162) and, based on the response, appropriately adjust the 
balance control unit 166 so that “PieZo Drive 1” and “PieZo 
Drive 2” cause the probe to oscillate With a maximum ampli 
tude at torsional resonance. Notably, in torsional resonance 
mode, signal sWitch 184 may be set so that the lateral AC 
signal acquired by the sensor is transmitted from mode con 
trol unit 162 to controller 168 to maintain probe oscillation at 
the set-point. 

Next, turning to FIG. 11, operation of AFM 150 is shoWn in 
further detail. Generally, mode control unit 162 is used to 
maintain oscillation of tip 162 of probe 154 at its torsional 
resonance While a feedback loop is employed to control tip 
sample separation by maintaining a characteristic of the oscil 
lation of probe 154 at a set-point. The set-point may be either 
a ?exural mode set-point or a torsional resonance mode set 
point. In operation, sensor 178 receives the laser beam 
re?ected from backside 174 of cantilever 172 of probe 154 
and transmits, for example, a lateral de?ection signal to a 
signal processing unit 200 for ultimate comparison to the TR 
Mode set-point. In particular, signal processing unit 200 
receives an output signal from sensor 178 and conditions that 
signal so that it may be compared to the set-point. Signal 
processing unit 200 may be an RMS-to-DC converter that 
generates a lateral RMS signal that is transmitted to, for 
instance, a comparator 202. An error signal based on a com 
parison of the set-point With the lateral RMS signal is gener 
ated and transmitted to a control block 204 (e.g., a PI control 
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ler) of the feedback loop. Controller 204 applies an 
appropriate gain to the error signal to generate a control signal 
(labeled “Z Drive”) that may be used to control the Z position 
drive actuator 206 (for example, the Z section of a pieZoelec 
tric XYZ scanner) to control tip-sample separation. In this 
case, actuator 206 translates probe assembly 152 coupled 
thereto so that the selected characteristic of probe oscillation 
returns to the TR mode set-point. 

Alternatively, the system may be operated in ?exural 
mode. In this case, rather than a lateral de?ection signal 
transmitted to signal processing unit 200 by the quadrature 
photodetector 178, a probe de?ection (?exural) signal is 
transmitted to signal processing unit 200. Notably, in this 
regard, optional signal sWitch 184 of mode control unit 162 
shoWn in FIG. 10 is not activated, as shoWn With the dashed 
lines in FIG. 11. 

Turning next to FIG. 12, a probe assembly 210 according to 
an alternate preferred embodiment of achieving optimum 
torsional oscillation implementing an active lever such as that 
shoWn and described, e.g., in co-oWned U.S. Pat. Nos. 6,189, 
374 and 6,530,266 is illustrated. Probe assembly 210 is simi 
lar to the above-described probe assembly/chip in that tWo 
actuator elements are used to drive the tip into torsional reso 
nance, but the actuator elements are integrated With the probe 
to generate this torsional motion. Because the actuation layer 
is fabricated With the cantilever in a batch process, the tor 
sional rotation axis of the actuator pair substantially overlaps 
the rotation axis of the cantilever composite. Actuation could 
be a pure torque, providing the cleanest Way of driving tor 
sional oscillation mode. More particularly, probe chip 210 
includes a base 212 and a probe 214. Probe 214 de?nes a 
cantilever 216 extending from base 212, the cantilever sup 
porting a tip 218 and Which may be oscillated in both ?exural 
mode and in torsional resonance mode. 
A pair of actuator elements 220, 222 are preferably formed 

With the probe and comprise a pieZoelectric material such as 
Zinc oxide. Base 212 and cantilever 216 of probe chip de?ne 
a top surface upon Which the ?rst and second Zinc oxide 
actuator elements 220, 222 are disposed generally symmetri 
cally about a longitudinal plane passing through tip 218 of 
probe 214, perpendicular to the top surface of cantilever 216. 
On top of each of the Zinc oxide actuator elements 220, 222 is 
disposed a respective electrode 224, 226 via Which the pieZo 
drive signals are applied to the elements. In this arrangement, 
the energy coupled to tip 218 of probe 214 does not need to 
propagate through additional structure (such as probe holder 
60 in FIG. 5 or base 109 in FIG. 7) as it does in the above 
described embodiments, and thus the energy is coupled to tip 
218 more e?iciently, enhancing this probe’s ability to achieve 
oscillation at pure torsional resonance. 

Notably, in this embodiment, a central portion 228 of can 
tilever 216 of probe 214 can be machined so that the probe 
de?nes tWo separate parallel arms 230, 232 joining together 
again at the point 229. The Zinc oxide actuator elements 220, 
222 and corresponding electrodes 224, 226 are disposed upon 
the tWo separate arms 230, 232, thus reducing the lateral 
stiffness of cantilever 216. Torsional stiffness thus 
approaches the ?exural stiffness of the probe Which can per 
mit more predictable excitation of torsional oscillation. In 
addition, When using the mode control unit 162 (FIGS. 9-11), 
tip motion can be e?iciently controlled such that ?exural 
response and torsional response can be completely separated 
by resonance frequency range. 

Turning to FIG. 13, an alternative embodiment of using an 
active lever With split actuators usable in torsional resonance 
mode is shoWn. A probe assembly 250 includes a base 252 
and a probe 254 de?ning a cantilever 256 extending from base 






